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The growth of single and multilayer graphene nano-flakes on MgO and ZrO2 at low temperatures is shown through
transmission electron microscopy. The graphene nano-flakes are ubiquitously anchored at step edges on MgO (100)
surfaces. Density functional theory investigations on MgO (100) indicate C2H2 decomposition and carbon adsorption
at step-edges. Hence, both the experimental and theoretical data highlight the importance of step sites for graphene
growth on MgO.
PACS numbers: 81.05.ue, 81.16.Hc
Graphene promises a great leap forward in electronic de-
vice speed due to its high charge carrier mobility.1 Restricting
its dimensions sufficiently (< 10 nm for room temperature ap-
plications) to introduce finite size effects can open an energy
gap.2,3 Confining the width and keeping the length infinitely
long forms a graphene nano-ribbon (GNR) whilst restricting
both the width and length forms a graphene nano-flake. Inter-
esting electronic properties can also arise from bi-layer nano-
ribbons/flakes and even higher order stacked flakes. Their
energy gaps are not just dependent on size, but also on the
edge states and electric fields.4–8 Hence, the richness of elec-
tronic properties afforded by graphene causes great excite-
ment for its use in nano-electronic devices. However, various
technical hurdles exist. For example, the implementation of
graphene in nano-electronic technology is hindered by diffi-
culties in obtaining defect free and clean graphene on suitable
substrates. The substrates need to be insulating, ideally have a
high dielectric constant, κ , to prevent gate current leakage and
hence allow greater miniaturization. In graphene, the carrier
concentration and polarity can be modulated by an electric
field. However, the fabrication of graphene devices with an
atomically uniform gate dielectric, so as to provide a uniform
electric field over the active graphene area without damag-
ing the graphene surface remains a challenge.9 For this rea-
son and the ease with which graphene can be observed, most
reported graphene devices are fabricated on Si/SiO2 which
forms a global back gate. Attempts to deposit dielectrics on
the surface of graphene to form top gates have been made,
however the deposition processes employed tend to damage
the graphene, see e. g. Ref. 10. The situation for graphene
based devices is further complicated due to restrictions im-
posed by most of the available synthesis routes. Aside from
mechanical cleaving, graphene synthesis generally involves
the use of metal catalysts11–13 which then necessitates post-
synthesis transfer of the graphene or in the case of epitaxi-
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ally grown graphene in SiC high temperatures are required.14
Other synthesis routes like chemical exfoliation or the neces-
sary transfer steps from the aforementioned routes to dielec-
tric substrates introduce high levels of contamination and de-
fects into the graphene making such synthesis routes incom-
patible with current planar fabrication technology where re-
producibility is paramount. Here we report graphene forma-
tion over a previously introduced class of catalytically active
substrates, metal oxides.15,16 We show through transmission
electron microscopy (TEM) that graphene nano-flakes can
form on MgO and multilayer graphene nano-flakes on both
MgO and ZrO2. As high-κ dielectrics, these oxides are an at-
tractive natural candidate for graphene based electronics. Fur-
thermore the MgO system can catalyze graphene growth via
thermal chemical vapor deposition (CVD) at the low temper-
ature of 325 °C.16 Growth on ZrO2 can occur at least as low
as 480 °C.
All reactions were conducted in a CVD oven comprising a
quartz tube and a sliding heating element. The samples were
placed in an alumina boat. In the case where cyclohexane
served as the feedstock, the oven loaded with MgO nano-
powder was evacuated to < 1 mbar and heated to a synthe-
sis temperature of 775 °C. A pressure of 100 mbar was used.
The reactions were terminated after 17 s to 300 s by flushing
with argon and sliding the heating element off the reaction
zone. Further experiments were performed on MgO and ZrO2
using acetylene as the feedstock. After loading the samples
the reactor was evacuated and then exposed to a gentle ar-
gon flow (1015 mbar), and heated to temperatures ranging be-
tween 325 °C and 650 °C. The argon flow was held for 10 min
and then switched to a mixture of acetylene and argon. Fi-
nally the oven was cooled in an argon atmosphere. In some
cases we removed the oxide catalyst by ultrasonication in HCl.
The TEM studies were performed on an FEI Titan3 80–300
with an 80 kV acceleration voltage. The ab initio total energy
calculations were carried out using density-functional theory
(DFT). They were performed within the PBE generalized gra-
dient approximation for the exchange-correlation functional17
and the projector augmented-wave method,18 using the Vi-
2FIG. 1. (color online) (a)–(c) Multilayer graphene synthesized over
MgO from cyclohexane at 775 °C and 100 mbar. (a) Few layer
graphene shells after removal of MgO core via acid treatment. (b)
Graphene lattice from single layer shell, (c) graphene layers an-
chored at step-edges on the (100) surface. (d) Graphene flakes syn-
thesized over MgO from acetylene at 325 °C and 1015 mbar. The
attachment of graphene layers to the (100) oxide step-edges can be
observed. Arrows indicate graphene sheets anchored at step sites.
enna ab initio simulation package (VASP).19 The activation
energies were calculated using the nudged elastic band model
as developed by the Henkelman group.20 The simulation cell
included a slab of four substrate layers with a lateral size of
a 4× 4 surface unit cell. This corresponds to 16 atoms on
the surface layer. The step surface is prepared by removing
eight atoms from the surface layer. In the case of an existing
graphene on step edge surface, the lateral size of simulation
cell is duplicated. In all simulations the vacuum gap between
the slabs was larger than 15 A˚. The wave functions have been
expanded into plane waves up to a kinetic energy cut-off of
400 eV. The integration in the first Brillouin zone was per-
formed using Monkhorst-Pack grids21 including 25 k-points
in the irreducible wedge. In all calculations, the two topmost
layers of MgO have been optimized and from third layer up
fixed in the bulk position until all force components were less
than 0.01 eV/A˚. The convergence of energy differences with
respect to the used cut-off energies and k-point grids has been
tested in all cases within a tolerance of 10 meV/atom.
In figure 1, a variety of micrographs are presented which
show we are able to grow graphene flakes on the surface of
magnesium oxide and tune the growth from single to multi
layers. The samples were grown from cyclohexane at 775 °C
and 100 mbar. With these conditions, the reaction stops when
the catalyst is fully encapsulated by graphitic layers. We
found that the number of layers can increase up to nine and
can be tuned via the reaction time. In figure 1 (c) we highlight
the closely spaced parallel lattice fringes of the crystals are
those of (100) planes on top of which there is graphitic car-
FIG. 2. Graphitic carbon grown over monoclinic ZrO2 from acety-
lene at 480 °C and 1015 mbar. One clearly sees the anchoring of the
graphitic layers onto a step of the (020) crystal face. Arrows indicate
graphene sheets anchored at step sites.
bon. Furthermore, as indicated by the arrow, the multi-layers
are ubiquitously anchored into step edges on the (100) sur-
faces. We propose that these step sites initiate the growth of
graphitic layers. We argue that these step sites are not only nu-
cleation sites, but also growth sites because growth appears to
stop once the particle is fully encapsulated. In this regard, this
work corroborates previous studies suggesting the cooperative
role of oxide supports in the growth of multi walled carbon
nanotubes.22 We also investigated zirconium oxide to further
elucidate the atomic surface structure required for graphitic
synthesis on oxides. This catalyst has recently been exten-
sively explored by Steiner III et al.23 for the synthesis of car-
bon nanotubes. The investigators used in situ XPS to confirm
that zirconium oxide in a monoclinic baddeleyite or slightly
oxygen deficient form could form sp2 carbon. In our case, the
synthesis of graphitic layers is performed on nano-crystallites
which following the reaction are in the baddeleyite form ev-
idenced by the lattice fringes in TEM micrographs of figure
2. In both cases arrows indicate graphitic shells anchoring
on step sites. In Fig. 2(b) it is possible to determine that the
graphitic layers are anchored on a face with (020) as its sur-
face normal. The low synthesis temperatures employed sug-
gest the oxides are catalytically active for the formation of sp2
carbon. To support this concept, theoretical studies were con-
ducted on MgO step sites. Based on experimental evidence,
we chose a step site on the (100) surface of MgO as a model
system for oxide based graphene catalysis. The exact atomic
structure of graphene on MgO is undetermined. The lattice
constant of MgO is 2.10 A˚ and the spatial frequency in the re-
ciprocal lattice of graphene is 2.13 A˚−1. The adsorption and
dissociation behavior of C2H2 on (100) and step-edge of MgO
surface was studied. Several adsorption sites on the (100) sur-
face and step-edge of MgO are considered as initial adsorption
states which are shown in Fig. 3(a). The adsorption energy is
defined as the difference between the total energy of the sys-
tem with the adsorbate and without the adsorbate referred to as
the free energy of C2H2. The adsorption energies are shown
in Fig. 3(a). In all adsorption sites, the molecule binds very
weakly to the (100) surface. The distance from the surface
and the center of mass of C2H2 lies between 2.5 A˚ and 3 A˚.
These distances are in the physisorption adsorption regime.
The dissociative adsorption energy of C2H2 to C2H and H is
3FIG. 3. (color online) (a) The initial adsorption sites of C2H2 on
(100) and step-edge of MgO surface and corresponding calculated
adsorption energies for the different sites and dissociative energies of
C2H2 to C2H and H. (b) Different configurations of carbon adsorp-
tion on a MgO surface with an existing graphene flake. Red — O,
yellow — Mg, blue — C, green — Mg in step plane, and white — H.
defined by
Ediss. = EC2H+Hs −Es−EC2H2 ,
where EC2H+Hs is the total energy of the C2H and the H on the
substrate, Es the total energy of the clean substrate, and EC2H2
the free energy of acetylene in the gas phase. The data shows
that the dissociative adsorption of C2H2 on MgO (100) is an
endothermic reaction (see Fig. 3). In contrast to the (100) sur-
face, stronger binding is found between C2H2 and the step-
edge of MgO. The dissociative adsorption energies indicate
exothermic reactions on the step-edge surface. Thus, accord-
ing to our calculations, the presence of the step-edge on the
MgO surface is essential for the decomposition of C2H2. In
addition, we have calculated the adsorption of single carbon
atoms on several surface positions. For each adsorption posi-
tion, the lateral position of carbon is fixed to avoid the diffu-
sion of the atom to favorable adsorption sites. The most favor-
able adsorption site of carbon on an MgO (100) surface is the
step-edge adsorption position. In addition, the diffusion bar-
rier of a carbon atom on MgO (100) has been calculated. The
total energy of the initial and final configurations have been
obtained using geometry optimization. The diffusion barrier
is about 0.38 eV. The diffusion barrier of a hydrogen atom on
the surface from on-top of one oxygen atom to the next is
0.2 eV. Thus, the hydrogen atoms simply diffuse away while
the carbon remains on the surface.
The importance of step sites to the growth of carbon nan-
otubes is already well established for some metal catalysts.
It has been argued elsewhere24,25 that the crystalline state of
nickel catalyst particles evidences a surface growth mecha-
nism which can divided into four distinct sub-processes — the
adsorbtion of carbon feedstock molecules on the catalyst, dis-
sociation of hydrogen from the precursor, surface diffusion
and addition of carbon atoms to the network. Our theoretical
investigations, while still preliminary, clearly show each of
these subprocesses on MgO (100) step sites (cf. Fig. 3). The
experimental data show graphene nano-flakes anchored at step
sites. Questions remain though, for example, what are the ef-
fects of the edges of the nano-flakes, their possible interaction
with the substrate and the effect of defects in the dielectric.
None-the-less, the demonstrated catalytic potential of high-κ
dielectrics for the catalytic formation of graphene via thermal
CVD at low temperatures is an advance.
F.B. acknowledges the DFG (RU 1540/8-1), A.B. the A.-
v.-Humboldt Stiftung and the BMBF, S.Z. the IMPRS “Dy-
namical Processes in Atoms, Molecules and Solids”, G.C. the
South Korean Ministry of Education, Science, and Technol-
ogy Program, Project WCU ITCE No. R31-2008-000-10100-
0., and M.H.R. the EU (ECEMP) and the Freistaat Sachsen.
1A. K. Geim, Science 324, 1530 (2009).
2Y.-W. Son, M. L. Cohen, and S. G. Louie, Phys. Rev. Lett. 97, 216803-1
(2006).
3P. Shemella, Y. Zhang, M. Mailman, P. M. Ajayan, and S. K. Nayak, Appl.
Phys. Lett. 91, 042101-1 (2007).
4B. Sahu, H. Min, A. H. MacDonald, and S. K. Banerjee, Phys. Rev. B 78,
045404-1 (2008).
5M. P. Lima, A. Fazzio, and A. J. R. da Silva, Phys. Rev. B 79, 153401-1
(2009).
6B. Sahu, H. Min, and S. K. Banerjee, Phys. Rev. B 81, 045414-1 (2010).
7B. Sahu, H. Min, and S. K. Banerjee, Phys. Rev. B 82, 115426-1 (2010).
8F. Xia, D. B. Farmer, Y.-M. Lin, and P. Avouris, Nano Lett. 10, 715 (2010).
9B. Lee, S.-Y. Park, H.-C. Kim, K. Cho, E. M. Vogel, M. J. Kim, R. M.
Wallace, and J. Kim, Appl. Phys. Lett. 92, 203102-1 (2008).
10M. C. Lemme, T. J. Echtermeyer, M. Baus, and H. Kurz, IEEE Electr. Dev.
Lett. 28, 282 (2007).
11P. W. Sutter, J.-I. Flege, and E. A. Sutter, Nature Mater. 7, 406 (2008).
12A. Reina, X. Jia, J. Ho, D. Nezich, H. Son, V. Bulovic, M. S. Dresselhaus,
and J. Kong, Nano Lett. 9, 30 (2009).
13X. Li, W. Cai, J. An, S. Kim, J. Nah, D. Yang, R. Piner, A. Velamakanni,
I. Jung, E. Tutuc, S. K. Banerjee, L. Colombo, and R. S. Ruoff, Science
342, 1312 (2009).
14K. V. Emtsev, A. Bostwick, K. Horn, J. Jobst, G. L. Kellogg, L. Ley, J. L.
McChesney, T. Ohta, S. A. Reshanov, J. Ro¨hrl, E. Rotenberg, A. K. Schmid,
D. Waldmann, H. B. Weber, and T. Seyller, Nature Mater. 8, 203 (2009).
15M. H. Ru¨mmeli, F. Scha¨ffel, A. Bachmatiuk, D. Adebimpe, G. Trotter,
F. Bo¨rrnert, A. Scott, E. Coric, M. Sparing, B. Rellinghaus, P. G. Mc-
Cormick, G. Cuniberti, M. Knupfer, L. Schultz, and B. Bu¨chner, ACS
Nano 4, 1146 (2010).
16M. H. Ru¨mmeli, A. Bachmatiuk, A. Scott, F. Bo¨rrnert, J. H. Warner,
V. Hoffmann, J. H. Lin, G. Cuniberti, and B. Bu¨chner, ACS Nano 4, 4206
(2010).
17J. P. Perdew, K. Burke, and M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996).
18P. E. Blo¨chl, Phys. Rev. B 50, 17953 (1994).
19G. Kresse and J. Furthmu¨ller, Phys. Rev. B 54, 11169 (1996).
20G. Henkelman, A. Arnaldsson, and H. Jo´nsson, Comput. Mater. Sci. 36,
354 (2006).
21H. J. Monkhorst and J. D. Pack, Phys. Rev. B 13, 5188 (1976).
22M. H. Ru¨mmeli, F. Scha¨ffel, C. Kramberger, T. Gemming, A. Bachmatiuk,
R. J. Kalenczuk, B. Rellinghaus, B. Bu¨chner, and T. Pichler, J. Am. Chem.
Soc. 129, 15772 (2007).
23S. A. Steiner III, T. F. Baumann, B. C. Bayer, R. Blume, M. A. Worsley,
W. J. MoberlyChan, E. L. Shaw, R. Schlo¨gl, A. J. Hart, S. Hofmann, and
B. L. Wardle, J. Am. Chem. Soc. 131, 12144 (2009).
24S. Helveg, C. Lo´pez-Cartes, J. Sehested, P. L. Hansen, B. S. Clausen, J. R.
Rostrup-Nielsen, F. Abild-Pedersen, and J. K. Nørskov, Nature (London)
427, 426 (2004).
25S. Hofmann, G. Csa´nyi, A. C. Ferrari, M. C. Payne, and J. Robertson, Phys.
Rev. Lett. 95, 036101-1 (2005).
